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We derive a model-independent upper bound on the scale of Majorana-neutrino mass 
generation. The upper bound is i.'KV^ / y/^mu , where v ~ 246 GeV is the weak scale and 
rriiy is the Majorana neutrino mass. For neutrino masses implied by neutrino oscillation 
experiments, all but one of these bounds are less than the Planck scale, and they arc all 
within a few orders of magnitude of the grand-unification scale. 

Considerable evidence has mounted that one or more of the three neutrino 
species has a nonzero mass, based on the observation of neutrino oscillations.a Since 
neutrino masses are necessarily associated with physics beyond the Standard Model, 
one would like to know the energy scale at which this new physics resides. In this 
talk (see Ref. ^ for further details), we present a model-independent upper bound 
on the scale of Majorana-neutrino mass generation. 

We assume that the neutrino masses are Majorana, unlike the other known 
fermions, which carry electric charge and are therefore forbidden to have Majorana 
masses. If there is no SU(2)i xU(l)Y-singlet fermion field in nature, then neutrino 
masses are necessarily Majorana. However ^.^even if such a field exists, its mass is 
naturally much greater than the weak scale£l in which case light neutrinos are Ma- 
jorana fermions. In the Standard Model, Majorana neutrino masses are forbidden 
by an "accidental" global B ~ L symmetry (baryon number minus lepton number), 
but there is no reason to expect that this symmetry is fundamental. 

We begin our analysis with the Standard Model, but with a Majorana neutrino 
mass of unspecified origin. Since the neutrino mass is put in artificially, this is only 
an effective field theory, valid up to some energy scale at which it is subsumed by a 
deeper theory, which we regard as the scale of Majorana-neutrino mass generation. 
A simple way to derive an upper bound on the scale at which the effective theory 
breaks down is to imopse unitarity on the tree-level 2^2 scattering amplitudes 
that grow with energy.Q In the high-energy limit, s ^ Af^, M^, m^, m|, the relevant 
zeroth-partial-wave amplitudes (see Fig. 1) are given by 

(Jj,,„,, ^ ,^.„t) ~ T^J., (1) 



*Talk presented at DPF 2000, Ohio State Univ., Columbus, OH, Aug. 9-12, 2000. 
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Figure 1: Feynman diagrams that contribute to the amplitudes in Eqs. (|^)-(^). 
The source of the Majorana neutrino mass is unspecified, so there are no diagrams 
involving the coupling of the Majorana neutrino to the Higgs boson. Unitary gauge 
is used throughout. 



where v — (\/2Gi?)^^/^ ~ 246 GeV is the weak scale, the indices i,j denote the 
three neutrino mass eigenstates, the subscripts on the neutrinos and charged leptons 
indicate helicity ±1/2, and the subscript on the partial-wave amplitude indicates 
J = 0. 

The strongest bound on the scale of Majorana-neutrino mass generation is ob- 
tained by considering a scattering process which is a linear combination of the above 
amplitudes: 



ao 



The unitarity condition on inelastic 2 — > 2 scattering amplitudes, \aj\ < 1/2,3 
implies that the scale of Majorana-neutrino mass generation is less than the scale 

AMaj = -1= , (4) 

which is inversely proportional to the neutrino mass. This is our principal result. 

We have analyzeda two explicit models of light Majorana-neutrino masses that 
exemplify this bound: one with a heavy right-handed neutrino vr (see-saw mech- 
anism), and one with a heavy SU(2)L-triplet Higgs field. Unitarity is restored by 
the heavy Majorana neutrino N ^ i/ji in the see-saw model and by the heavy Higgs 
scalars in the triplet Higgs model, whose masses respect the bound in Eq. (Q). In 
both cases, the bound is saturated when dimensionless parameters in these models 
(Yukawa couplings and/or mass ratios) attain their maximum values. Indeed, these 
models can naturally saturate our bound, Eq. (^), precisely because they gener- 
ate a Majorana-neutrino mass term of dimension five in the low-energy theory. In 
general, saturating unitarity-based bounds is nontrivial; for example, there is no 
known model that saturates the upper bound on the scale of Dirac-fermion mass 
generation.ai3 



Upper Bound on the Scale of Majorana- Neutrino Mass Generation 3 



Table 1: Neutrino mass-squared differences from a variety of neutrino oscillation 
experiments, and their interpretations. The last column gives the upper bound on 
the scale of Majorana-neutrino mass generation, Eq. (^, for each interpretation. 
Table adapted from Ref. |l|. 
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(0.05-5) X 10-1" 


2.0 X 10^" 



Neutrino oscillation experiments do not measure the neutrino mass, but rather 
the absolute value of the mass-squared difference of two species of neutrinos, Am^. 
This implies a lower bound of rrii, > \J Am^ on the mass of one of the two partic- 
ipating neutrino species. Using Eq. (^), one finds the upper bounds on the scale 
t^Maj given in Table 1 for a variety of neutrino oscillation experiments. These up- 

— 1/2 

per bounds are all within a few orders of magnitude of the Planck scale, ~ 
1.2 X 10^^ GeV, which is the scale before which quantum gravity must become rel- 
evant. However, only the vacuum-oscillation interpretation of the solar neutrino 
deficit yields a scale that could be as large as the Planck scale. In all other cases, 
we find that the physics of Majorana-neutrino mass generation must be below the 
Planck scale. Thus, if these neutrino masses arise from quantum gravity, then the 
scale of quantum gravity must be somewhat less than the Planck scale. 

The upper bounds on Ajv/aj are also within a few orders of magnitude of the 
grand-unification scale, 0(10^^) GeV. The LSND and atmospheric neutrino experi- 
ments yield an upper bound on Aa/oj slightly below the grand- unification scale, but 
the scale of Majorana-neutrino mass generation could be less than the unification 
scale in a grand-unified model. For example, in a grand-unified model that makes 
use of the see-saw mechanism, the mass of the heavy Majorana neutrino TV could be 
equal to a small Yukawa coupling times the vacuum-expectation value of the Higgs 
field that breaks the grand-unified group. 
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